Endocardial mapping has suggested that Purkinje fibers may play a role in the maintenance of long-duration ventricular fibrillation (LDVF). To determine the influence of Purkinje fibers on LDVF, we chemically ablated the Purkinje system with Lugol solution and recorded endocardial and transmural activation during LDVF. Dog hearts were isolated and perfused, and the ventricular endocardium was exposed and treated with Lugol solution (n ϭ 6) or normal Tyrode solution as a control (n ϭ 6). The left anterior papillary muscle endocardium was mapped with a 504-electrode (21 ϫ 24) plaque with electrodes spaced 1 mm apart. Transmural activation was recorded with a six-electrode plunge needle on each side of the plaque. Ventricular fibrillation (VF) was induced, and perfusion was halted. LDVF spontaneously terminated sooner in Lugol-ablated hearts than in control hearts (4.9 Ϯ 1.5 vs. 9.2 Ϯ 3.2 min, P ϭ 0.01). After termination of VF, both the control and Lugol hearts were typically excitable, but only short episodes of VF could be reinduced. Endocardial activation rates were similar during the first 2 min of LDVF for Lugol-ablated and control hearts but were significantly slower in Lugol hearts by 3 min. In control hearts, the endocardium activated more rapidly than the epicardium after 4 min of LDVF with wave fronts propagating most often from the endocardium to epicardium. No difference in transmural activation rate or wave front direction was observed in Lugol hearts. Ablation of the subendocardium hastens VF spontaneous termination and alters VF activation sequences, suggesting that Purkinje fibers are important in the maintenance of LDVF. electrophysiology; mapping; Lugol ablation; activation rate gradient DESPITE IMPROVEMENTS IN DEFIBRILLATOR technology and availability, sudden cardiac death due to ventricular fibrillation (VF) persists as one of the leading causes of death in the developed world (43, 48). Purkinje fibers have been implicated as a source for the initiation of VF. Studies have shown that the Purkinje fiber system may play a role in some cases of idiopathic VF (20, 30) . The Purkinje fiber system has also been implicated in the onset of arrhythmias during postinfarct ischemia and reperfusion (4, 5, 46) . Modeling studies have demonstrated that the Purkinje-myocardial junctions may be responsible for focal activations that lead to sustained tachyarrhythmias (8).
Purkinje fibers are more fatigue resistant and continue to function during ischemia longer than working myocardial tissue (6, 18, 19) . A recent study demonstrated that during the first 10 min of VF in isolated dog hearts wave fronts propagate both from the working myocardium into the Purkinje system and from the Purkinje system into the working myocardium, suggesting that the Purkinje fiber system may play an integral role in the maintenance of long-duration VF (LDVF) (38) .
If the Purkinje system plays an integral role in maintaining LDVF activation patterns, then ablation of the Purkinje system should result in slowing of the VF activation rate and premature termination of LDVF. In this study, we tested this hypothesis using an isolated, perfused dog heart model in which we recorded endocardial and transmural activation during LDVF in hearts with the endocardium treated with normal Tyrode solution (control) or with Lugol solution to ablate the endocardium containing the Purkinje fibers.
METHODS
All of the animals were managed in accordance with the guidelines established by the American Heart Association on research animal use (1) , and the protocol was approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham.
Animal preparation. Twelve mongrel dogs (22.5 Ϯ 2.5 kg, mean Ϯ SD) from Marshall Bioresources, North Rose, NY were fasted overnight and anesthetized with sodium thiopental (25 mg/kg iv), intubated, and mechanically ventilated with 2-3% isoflurane in 100% oxygen. Lead II surface ECG, core body temperature, arterial blood gases, arterial blood pressure, and serum electrolytes were monitored and maintained within normal levels until the hearts were excised and externally perfused.
Heart isolation and preparation. The heart was exposed via a medial sternotomy approach. The heart was excised and the left ventricular anterior papillary muscle and adjacent endocardium was exposed with an incision through the right ventricle (RV) and the septum, as described previously (38) . The heart was perfused through a catheter in the left main coronary artery with a continuous flow (150 ml/min) of modified Tyrode solution (in mmol/l: 123 NaCl, 4.5 KCl, 1.8 CaCl 2, 0.98 MgCl, 20 NaHCO3, 1.01 NaH2PO4, and 11 dextrose, plus 0.04 g/l bovine albumin). The heart was submerged in a warmed (37°C) and oxygenated Tyrode solution bath.
Pretreatment mapping. A 504-electrode plaque (24 columns ϫ 21 rows with 1-mm spacing) was placed over the endocardial insertion of the anterior-lateral papillary muscle. Unipolar electrograms were recorded with reference to a grounding electrode attached to the aortic root. Electrograms were band passed between 0.5 and 500 Hz, recorded at 14 bit resolution, and sampled at 2 KHz. If the heart was in VF following the isolation and perfusion procedure, it was defibrillated with a 30-to 50-J biphasic shock delivered with pediatric paddles from a Lifepak 12 defibrillator (Medtronic Physio-Control, Redmond, WA). The diastolic pacing threshold was determined with bipolar pacing with hook electrodes high on the septum on the left ventricle (LV) endocardial surface adjacent to the left bundle branch that descended toward the anterior-lateral papillary muscle, ϳ2-3 cm from the plaque. Intrinsic and paced beats were recorded with the plaque.
Lugol ablation procedure. The plaque was temporarily removed, and the heart was taken out of the perfusion bath. The perfusion pump was turned off, and the entire LV and RV endocardium was sprayed with a small spray bottle containing either 1) Lugol solution (5 g I 2 and 10 g KI dissolved in 100 ml deionized H2O; n ϭ 6) or 2) normal Tyrode solution (n ϭ 6). The solution was allowed to remain on the endocardium for 20 s, after which the perfusion pump was turned on and the endocardium was rinsed with 500 ml of Tyrode solution. The heart was then returned to the perfusion bath and was allowed to stabilize for 5 min.
Posttreatment mapping. The plaque was returned to the same location over the anterior-lateral papillary muscle and four plunge needles were inserted, each just outside the midpoint of one of the four edges of the plaque. Each needle contained six electrodes 2 mm apart, with the most endocardial electrode 1 mm from the endocardium. Plunge needle recordings were made with the same mapping system and with the same parameters as the plaque recordings. Paced beats were again recorded. VF was then induced with a 9-V battery held briefly against the RV. Perfusion was terminated, and VF was recorded continuously until it spontaneously terminated.
Post-VF termination pacing and reinduction of VF. Within 30 -60 s of the spontaneous termination of VF, the heart was paced at 10 times diastolic threshold at a cycle length of 500 ms. In four control hearts and four Lugol hearts, a 9-V battery was then placed in contact with the right ventricle for 1-2 s to determine whether VF was reinducible.
Quantification of activation rate and VF progression. Activations were identified by a computer algorithm for the plaque and plunge needle recordings during the first 5 s of each minute for the first 10 min of VF or, if VF stopped spontaneously in less than 10 min, while VF persisted. Activations were chosen as the maximum negative derivatives that exceeded a minimum of Ϫ0.20 V/s within a 50-ms search window (15, 38) . Activation picks were manually overread by visual inspection so that only activations within the working myocardium were detected, and average activation rates were determined. Channels with activity that did not meet the slope criteria were excluded from the analysis. Purkinje activations were identified manually as rapid, short-duration activations, typically 1-2 ms in duration, with a minimum downslope exceeding Ϫ0.20 V/s, following the criteria that we have used previously (38) , which were adapted from the criteria used by others for identifying Purkinje activation in canines (4, 5, 7, 25, 31, 32, 38, 42) .
The direction of propagation along each plunge needle was quantified by linking working myocardial activations identified on each electrode to working myocardial activations on adjacent electrodes. An activation that occurred within 20 ms of an activation of a neighboring electrode (2 mm away) was categorized as propagating from one electrode to the other, and the direction of propagation (endocardial to epicardial or endocardial to epicardial) was determined (2) .
Statistical analysis. Differences in activation rate and propagation direction between control and Lugol hearts were determined by ANOVA repeated-measures tests (SAS, SAS Institute, Cary, NC). If the repeated-measures test showed that the data from the Lugol hearts was different from the control hearts, unpaired equal variance t-tests were conducted to determine at what VF duration a significant difference between the treatment and control group was observed.
Paired t-tests were conducted when appropriate, such as when activation rates from the same animals were compared for the same time periods from different locations (such as comparing endocardial and epicardial activation rates in the same treatment groups). Significant differences were noted when P Յ 0.05. Data are reported as means Ϯ SD.
RESULTS
Plaque recordings. Purkinje fiber and working myocardial activations were recorded in all animals during intrinsic and paced beats before hearts were treated with Lugol or control solution. After Lugol ablation, Purkinje fiber activity was no longer recorded, while Purkinje activation continued in the Tyrode-treated hearts (Fig. 1) . During unperfused LDVF, Purkinje activations in the control hearts were commonly recorded with bidirectional propagation between the Purkinje system and working myocardium, as previously reported (38) . Purkinje and myocardial activations were identified throughout VF in control hearts, whereas only myocardial activations were identified in Lugol-ablated hearts (Fig. 2) .
LDVF spontaneously terminated ( Fig. 2 ) earlier in the Lugol-ablated hearts than in the control hearts (4.9 Ϯ 1.5 vs. 9.2 Ϯ 3.2 min, respectively, P Ͻ 0.05). In both control and Lugol-ablated hearts, the VF activation rate slowed to approximately two activations per second and then abruptly ceased (Fig. 3A) . The mean cycle length of the plaque electrodes for the last five cycles before spontaneous termination of VF was not significantly different (ANOVA repeated-measures test) for control and Lugol-treated hearts (Table 1 ).
An ANOVA repeated-measures test showed that the treatment group (control vs. Lugol) and the duration of VF were significant predictors of the mean activation rate recorded from the plaque. Although mean activation rates were not statistically different during 0 -2 min of VF, the mean activation rates for 3-5 min of VF were slower for the Lugol-ablated hearts than for the control hearts (Fig. 3B) .
Plunge needle recordings. A repeated-measures analysis of the plunge needle recordings showed that activation rate was significantly related to VF duration and to treatment group (Lugol vs. control). The activation rate decreased as VF duration increased for both groups. In the control animals, after 4 min of VF, an activation rate gradient developed in which the endocardium continued to activate at a rapid rate while the epicardial tissue activation rate decreased (Fig. 4 ).
An activation rate gradient did not develop in Lugol-ablated hearts (Fig. 5 ). An ANOVA repeated-measures test determined that the mean activation rate of the three most endocardial electrodes was different from the mean activation rate of the three most epicardial electrodes in the control hearts but not in the Lugol-ablated hearts. Paired t-tests showed a significant difference developed in the fifth minute of VF in the control hearts, which persisted until VF spontaneously terminated. Although a repeatedmeasures test showed that wave fronts traveled from the endocardium toward the epicardium significantly more often than from the epicardium toward the endocardium in control hearts, particularly after the second minute of VF, activation did not propagate significantly more often in one direction than in the other in the Lugol-ablated hearts (Fig. 6) .
Post-VF termination pacing and VF reinduction. After spontaneous termination of VF, consistent capture was observed in five of the control hearts and intermittent capture was observed in one control heart. In the Lugol hearts, five exhibited consistent capture and one was unexcitable with stimulation at 10 times diastolic threshold. After spontaneous termination of VF and pacing, short-lived VF was reinduced in control and Lugol hearts (5 Ϯ 4 and 6 Ϯ 11 s in duration, respectively).
DISCUSSION
The primary findings of this study are the following: 1) A significant transmural activation rate gradient did not develop in Lugol-ablated hearts, whereas it did develop after 4 min of VF in Tyrode-treated hearts. 2) Ablation of the Purkinje system caused VF activation rate to slow significantly after 2 min of VF. 3) Ablation of the Purkinje system led to spontaneous termination of VF significantly earlier than in Tyrode-treated hearts. All of these findings suggest that the Purkinje system is important for the maintenance of LDVF.
Previous studies have shown that during early LDVF in a dog model, endocardial and epicardial activation rates are not significantly different (2, 11, 29, 44) . As VF progresses beyond the first few minutes, an activation rate gradient develops in which the epicardium slows more rapidly than the endocardium (2, 11, 29, 44) . This activation rate gradient could be due to at least two factors: 1) Purkinje fibers, which are limited to the subendocardium in dogs (3, 17, 36, 37) , are more resistant to ischemia caused by VF (6, 16, 18, 19, 26) , thus maintaining a rapid activation rate near the endocardium, or 2) the endocardial tissue does not become ischemic as rapidly as the epicardial tissue because it is exposed to a large reservoir of oxygenated blood in the ventricular cavities.
A study of LDVF in dogs by Cha et al. (11) compared endocardial and epicardial activation rates in three groups: control animals with the ventricles filled with blood (n ϭ 3), the RV filled with air (n ϭ 2), and RV endocardium ablated with Lugol solution (n ϭ 2). Hook electrodes were used to study the activation rate of the epicardium and endocardium during prolonged VF. Cha and coworkers demonstrated that the control and air-treated animals developed the transmural gradient of activation rate, but the Lugol-ablated animals did Electrodes with derivatives ϾϪ0.2 V/s at the time frame shown are inactive (blue). Purkinje activations (yellow) and activations of the working myocardium (red) are shown when the current frame electrogram signal has a derivative of ՅϪ0.2 V/s. Before Lugol ablation, activation from a paced beat first appears in the Purkinje system (yellow) and then in the working myocardium (red). The wave front activates the entire plaque in less than 40 ms. B: a paced beat in the same heart following Lugol ablation. The activation proceeds from the area to the right of the papillary muscle to the area to the left of the papillary muscle, with the papillary muscle activating last. The wave front takes nearly 90 ms to activate the entire mapped region.
not. Although the results were in a limited number of animals, this result supported the hypothesis that the subendocardial Purkinje system is responsible for the activation rate gradient.
In our study, wave fronts generally propagated in a direction from the endocardium toward the epicardium in the plunge needle recordings in the control animals as reported previously (2, 11, 29) . This finding is consistent with activation propagating from the Purkinje system to the working myocardium and then passing transmurally toward the epicardium. In the Lugol-ablated hearts there was no longer a preferential transmural direction of propagation; wave fronts did not propagate toward the epicardium any more often than the propagated toward the endocardium (Fig. 6) .
Also, the transmural activation rate slowed more rapidly than in the control hearts during VF so that after 2 min of VF the activation rate was significantly slower in the Lugol-treated hearts than in the control hearts (Fig. 3) . In addition, Lugol ablation of the Purkinje system significantly shortened the duration of sustained VF. All of these findings suggest that, although reentrant A: mean activation rates recorded by the plaque electrodes and VF termination times as determined by the plaque and plunge needle recordings are shown for each Lugol-ablated (red) and control (blue) heart. B: average activation rates (mean with bars showing standard deviation) for all Lugol-ablated (red) together and all control (blue) hearts in which VF persisted are shown. VF durations with P Ͻ 0.05 by an unpaired t-test are marked with an asterisk. Statistics were not performed for minutes 6 and 7 (marked with †) because VF persisted in only 1 Lugol-ablated heart at this time. VF did not last more than 7 min in any Lugol-ablated heart. Lugol  429Ϯ230  472Ϯ277  535Ϯ271  468Ϯ207  471Ϯ164  Control  481Ϯ215  467Ϯ214  500Ϯ188  531Ϯ162  539Ϯ203 Values are means Ϯ SD, in ms. VF, ventricular fibrillation. Fig. 4 . Recordings from the 6 electrodes of a plunge needle in a control and a Lugol-ablated heart every 2 min during VF. As VF progresses, an activation rate gradient develops in the control animals in which the endocardium (Endo) activates more rapidly than the epicardium (Epi). In the Lugol-ablated heart, the endocardium does not activate more rapidly than the epicardium. VF terminated at 8.25 min in the control heart and at 4.5 min in the Lugol-treated heart shown in this figure. activity in the working myocardium may be the dominant driver of activation during the first 2 min of VF, Purkinje fiber activation plays an important role in wave front activation after 2 min of LDVF. In a canine model similar to the model in the present study, Tabereaux et al. (38) demonstrated that during LDVF activation wave fronts detected on the endocardium may 1) conduct from the Purkinje system into the myocardium, 2) conduct from the myocardium into the Purkinje system, 3) arise focally from the Purkinje system, or 4) arise focally or as breakthrough from the working myocardium (38) . In the present study, Purkinje activations were entirely eliminated within the mapped regions after Lugol ablation. Therefore, the changes in VF termination time and VF activation rate observed may be attributed to the contribution of the Purkinje fiber system to LDVF maintenance.
Several studies have described different phases of activity as VF progresses over several minutes (22, 23, 45) . Early VF is characterized by rapid, chaotic activation, followed by a brief period with a greater degree of organization with larger, more repetitive wave fronts. Panoramic optical mapping of continuously perfused, nonischemic, fibrillating swine hearts demonstrated that most wave fronts were continuous and persistent on the heart throughout the mapped episodes (35) . Nonepicardial sources of activation (i.e., sources that appear de novo on the epicardium) were not necessary for VF maintenance. Although this may be true for short-duration or perfused VF, as global ischemia progresses the incidence of epicardial reentry decreases (22) . After several minutes of unperfused VF, there is a period of increased conduction block, smaller wave fronts, and slower activation rates (22, 23, 45) . This period is accompanied by an increased incidence of epicardial focal or breakthrough activity. These changes in VF characteristics may indicate that whereas early VF is driven primarily by reentrant activity in the working myocardium, VF persisting more than a few minutes may be driven by a different mechanism.
The Purkinje system activates more rapidly than the working myocardium in LDVF because Purkinje fibers are more resistant to the global ischemia caused by the lack of perfusion during VF than are working myocardial cells (6, 16, 18, 19, 26) . This may be due to the increased metabolic load required for the contractions of the myocardial cells and to the increased glycogen stored in Purkinje fibers (21, 40) . In addition, in dogs as well as in humans, the Purkinje fibers are near the endocardium so that they are less ischemic than the working myocardium because of the diffusion of oxygen from the near by LV cavity. Although the refractory period for Purkinje fibers in sinus rhythm is longer than for myocardial cells, Purkinje fibers accommodate so that their refractory period shortens more than myocardial cells when activated rapidly (34) . The rapid activation rate observed in VF may cause the refractory period of the Purkinje fibers to become shorter than the refractory period of the working myocardium, thus enabling the Purkinje fibers to activate at a faster rate than the working myocardium.
The VF activation rate in both control and Lugol-ablated hearts slowed to one to three activations per second and then spontaneously terminated. The Lugol-ablated hearts slowed to this activation rate faster than the control hearts. In most cases in both the control and Lugol groups, the working myocardium was excitable after termination of LDVF and VF could be reinitiated. However, this reinitiated VF spontaneously terminated within a few seconds. There may be a minimum required activation rate needed to sustain the intramural reentry thought to be important in maintaining VF (12, 41, 47) . Recent studies in pigs have indicated that the percentage of wave fronts that appear de novo in the working myocardium increases as the duration of VF increases, and that the Purkinje system is a likely source of these activation fronts (28) . The Purkinje system, therefore, may play a crucial role in sustaining VF past 3-5 min by maintaining the activation rate above the minimum activation rate required for intramural reentry that maintains VF.
Limitations. The process of isolating, perfusing with Tyrode solution, and opening the heart to allow direct mapping of the endocardium may have altered VF activation patterns (33) . However, similar activation patterns such as the development of the activation gradient in control but not Lugol hearts (11, 44) and increased endocardial origination of activation wave fronts as LDVF progresses (2) are consistent with previous intact canine heart studies. Control studies were performed in which the protocol for the control hearts and Lugol-ablated hearts was the same except that Tyrode solution was substituted for the Lugol solution to ablate the Purkinje system and the subendocardium. This allowed us to compare the results with the only difference being the Lugol ablation procedure. Although there are a number of experiments that study LDVF in canine hearts (2, 11, 22, 38, 44) , the time to spontaneous termination of VF has not previously been reported for either Fig. 6 . Mean direction of the VF wave fronts along the plunge needles. Wavefronts in control hearts propagated significantly more often from the endocardium toward the epicardium than in the opposite direction (A), whereas there was no preferential direction of propagation in Lugol-ablated hearts (B).
intact nor isolated hearts, making direct comparisons to the presented work difficult.
The Lugol ablation procedure not only eliminates the Purkinje fiber system but also causes a subendocardial layer of necrosis 200 -500 m thick (13, 14) , but the bulk of the myocardium remains intact in this model. This technique has been used by numerous investigators to study the effect of ablating the Purkinje system (9, 10, 13, 14, 24, 27, 32, 39) .
The combination of the Lugol ablation of the subendocardium and the decreased amplitude of activation wave fronts as LDVF progressed prevented quantitative analysis of VF wave front characteristics. The trabeculated surface of the endocardium also made quantitative analysis of cohesive wave fronts problematic. The plaque was placed over the base of the anterior papillary muscle because this region is relatively flat and is where early myocardial activation occurs via Purkinjemyocardial junctions during sinus rhythm. Mapping in broader or other areas would provide more complete information about the role of the Purkinje system in VF but also presents additional technical difficulties.
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